Ruthenium dioxide (RuO2) is an important metal widely used in nanoelectronic devices. It plays indispensable roles in the applications as catalyst and supercapacitors.
I. INTRODUCTION
Transition metal oxides reveal a wide range of useful chemical, mechanical and electronic characteristics, and thus are of technological importance. Among them, ruthenium dioxide (RuO2) attracts much attention due to the appealing properties of low electrical resistivity [1] , high work function [2] , as well as thermal and chemical stability under the ambient conditions [3] . It is a material widely used in the catalyst [4] and supercapacitor [5, 6] applications. It has potential applications as interconnects in nanoelectronic devices [3] . Due to a high work function, it is used as gate electrodes to diminish leakage current through the dielectric layer. The dielectric thickness can therefore be reduced [7] . This is important for the downscaling of field-effect transistors [8] and dynamic random access memory devices [7] . The RuO2-Au contacts have been utilized in radio-frequency microelectromechanical system (MEMS) switches, where an improved lifetime of 10 billion cycles was demonstrated [9] . Whereas it is a very useful material for nanoscale devices, a good understanding of the origin of the flicker noise in RuO2 and how to possibly control the noise magnitude are still lacking. The undesirable 1 f noise, where f denotes frequency, is deemed to hamper the performance of many electronic and spintronic devices [10] .
The 1 f noise in conductors (metals and semiconductors) has been reviewed by, among others, Dutta and Horn [11] , Weissman [12] , and recently Fleetwood [13] .
In conductors, the resistivity is Si metal-oxide-semiconductor field-effect transistor (MOSFET), the 1 f noise is well known to cause by e e n n δ , which microscopically originates from the trapping-detrapping processes of charge carriers in the near-interfacial SiO2 dielectric [13] . On the other hand, because of the high carrier concentration [12] , the 1 f noise in a metal is governed by δµ µ , namely, the mobility fluctuations due to the charge carriers scattering off dynamical structural defects (or, moving scattering centers) [14] [15] [16] [17] [18] [19] . In a particular material, which type/class of defect acts as the temporal "fluctuators" is usually difficult to specify [20] . Therefore, a physical, causal link between the 1 f noise and defect microstructure is often unknown.
In this work, we study the flicker noise and identify the responsible dynamic entities in metallic, polycrystalline RuO2 films. We find that oxygen vacancies, which act as dynamical structural defects, play an important role in generating the 1 f noise [11, 12] . A dynamical structural defect can be modeled as a two-level system (TLS) with an activation energy (or, potential barrier height) E, as schematically depicted in Fig. 1(a) . The dynamical entity may be an atom or a group of atoms which switches back and forth between nearby metastable coordinate states [21, 22] . Since a huge number of TLSs are present in a given disordered conductor, there must exist a wide distribution of the E value, which can be described by an activation energy distribution function, ( ) g E . Despite decades of extensive investigations [11, 12] , this central quantity ( ) g E which underlies the 1 f noise magnitude γ , the Hooge parameter, has only been determined to within an unspecified constant in literature.
On the other hand, it is well established that ( ) g E varies slowly over B k T [ Fig.   1(d) ], where kB is the Boltzmann constant and T denotes temperature, and hence giving rise to the inverse frequency dependence of the noise power spectrum density (PSD) [23, 24] . By combining the models of Dutta et al. [23] and Pelz and Clarke [19] , we write down an explicit form of ( ) g E . This in turn allows us to compute the TLS density (in this case, oxygen vacancy density), TLS n , which governs the measured 1 f noise magnitude in RuO2. We show that, by adjusting thermal annealing conditions to modify the TLS n value, the 1 f noise amplitude can be changed by nearly two orders of magnitude. This observation is useful for the development of low-noise nanoelectronic devices and the improvement of catalysis efficiency of RuO2 [4] . Compared to Si MOS devices [13] , the underlying origins of the 1 f noise in metal films and nanostructures has received much less attention.
This paper is organized as follows. In Sec. II, we outline the theoretical concepts of the TLS mechanism of 1 f noise and write down an explicit expression for the activation energy distribution ( ) g E . In Sec. III, we describe our experimental method for sample fabrication, characterizations, and low-frequency noise measurement. Our results and discussion are given in Sec. IV. In particular, we provide evidence for a physical, causal link between the 1 f noise and oxygen vacancies in RuO2, and quantitatively determine the function ( ) g E and the quantity TLS n . Section V contains our conclusion.
II. THEORY
Microscopically, the scattering of conduction electrons off a single (say, the ith)
TLS switching back and forth between coordinate states 1 and 2 [ Fig. 1(a) ] results in bi-state resistivity random telegraph noise (RTN), see a schematic in Fig. 1 
To facilitate comparison with experiment, it is conventionally written that [11, 12] 2 / ( ) 
g E E T = being determined, the TLS number density TLS n can be directly calculated from the equation
That is, TLS ( ) n T is given by the product of 
III. EXPERIMENTAL METHOD
RuO2 thin films were deposited by dc magnetron sputtering on 300-nm-thick SiO2 capped Si substrates. Before deposition, the substrates were pre-patterned with a multiple electrode configuration for the low-frequency noise measurements, using the standard electron-beam lithography technique. A typical sample geometry is shown in This annealing process effectively removed any residual Ru phase in the as-deposited film. To study the effect of oxygen vacancies on the 1 f noise magnitude, a series of films were further annealed for another 5 or 15 minutes in O2, also at 500 C°. This additional annealing process significantly reduced the number of oxygen vacancies in the sample. After the final O2 annealing, some films were subsequently annealed in an Ar gas at 500 C° to reintroduce oxygen vacancies into the sample [28, 29] . For the x-ray diffraction (XRD) studies of the crystal structure and the x-ray photoelectron spectroscopy (XPS) studies of the oxygen contents, un-patterned films on glass substrates were deposited simultaneously for each batch of samples.
The scanning electron microscope (SEM) image in Fig. 2 shows a representative sample with eight electrodes labeled from a to h. The sample was 1 μm wide and the distance between any two neighboring electrodes was 10 μm. The Cr/Au (10/100 nm) electrodes on each sample were deposited via thermal evaporation after the final O2 or Ar annealing process was done. It should be stressed that the contact resistance between the sample and each electrode was very small, typically 0.2 ≈ Ω . The low-frequency noise were measured using the ac bridge technique [30, 31] . The measurement circuit is schematically depicted in = Ω . Since these films were fairly disordered, their resistivities depended only weakly on temperature. In each film, the resistivity decreased by 5% ≤ as T was reduced from 300 K to 90 K.
IV. RESULTS AND DISCUSSION
A. X-ray diffraction and x-ray photoelectron spectroscopy studies
The XRD patterns for three representative films with different thicknesses and annealed for 10 min in O2 are shown in Fig. 3(a) . This figure indicates that all films are polycrystalline with diffraction patterns characteristic of the RuO2 rutile structure.
No signature of a residual Ru phase is seen. From the positions of the (110) and (101) peaks, the lattice constants a and c are calculated to be 4.53 and 3.06 Å, respectively, in good agreement with recorded values [32] . From the FWHM of the (110) We have carried out XPS studies to determine the O contents in our films. The main panel and the inset of Fig. 4 show respectively the O 1s and the Ru 3p3/2 XPS spectra for a 150-nm-thick film annealed for 10 min in O2. The asymmetric peak shape of the O 1s spectra suggests the presence of more than one oxide species in the sample. Quantitatively, this spectra can be deconvoluted into three peaks (blue Gaussian-Lorentzian curves) with binding energies of 529.8, 531.3, and 532.8 eV. The red curve is the sum of the three blue curves, which well reproduces the experimental result. These three peak values are in good consistency with those values reported in literatures [35] , and are known to originate from the lattice O 2− , dissolved O atoms, and chemisorbed hydroperoxy radicals on the surface, respectively. The Ru 3p3/2 spectra illustrate a peak value at 463.0 eV, in good agreement with previous result [36] . The oxidation state −2 of the lattice O suggests that our films possess the RuO2 phase, confirming the XRD results (Fig. 3) .
The relative atomic ratio of O to Ru in the RuOx rutile lattice can be estimated through the relation
where ( ) 
B. Excess low-frequency noise
In practice, to study the 1 f noise in a metal, one applies a small current I to measure the voltage noise PSD which is given by the Hooge formula [24] Empirically, to obtain an accurate γ value for a given sample, we write To unravel the origin of the 1 f noise in RuO2, we have measured the low-frequency noise in a series of samples underwent various thermal annealing conditions. The annealing conditions were adjusted to modify the number of oxygen vacancies in the samples, as confirmed by the XPS studies (Fig. 4) . In particular, we have measured the temperature dependence of γ in order to extract the distribution . It should be emphasized that the variation in the γ value is not due to a change in the grain size [30] , because the grain size remains essentially the same ( 6 ≈ nm) for all thermal annealing conditions, as indicated in Fig. 3(b) . (Atom diffusion along the grain boundary may cause flicker noise [38] .) The large changes in the γ value seen in Fig. 6 (a) strongly suggest that oxygen vacancies in RuO2 films must play an important role in generating the 1 f noise. This can be explained in terms of the schematic depicted in Fig. 1(a) , where a TLS is formed by an oxygen vacancy and nearby oxygen atom(s). An oxygen atom can switch between the two coordinate states separated by potential barrier height E. Annealing in an O2 gas largely reduces the density of oxygen vacancies (equivalently, reducing TLS n ), and hence significantly decreases the γ value. On the contrary, a thermal annealing process in an Ar gas generates a large amount of oxygen vacancies (equivalently, increasing TLS n ), leading to a significant increase in the γ value. For comparison, we note that To further confirm that oxygen vacancies are the responsible dynamic entities, we have also studied three 100-nm-thick films. Two of the films were annealed in O2 for 10 and 15 min, respectively. The third film was first annealed in O2 for 10 min, followed by another annealing in Ar for 5 min. As shown in Fig. 6(b) , a marked increase in the γ value after Ar annealing is evident (blue symbols). Therefore, we conclude that oxygen vacancies and their formation of TLSs cause the 1 f noise in RuO2 polycrystalline films. (For the films annealed for 10 and 15 min in O2, the γ value in the 100-nm-thick films is smaller by a factor of ~4 than that in the corresponding 150-nm-thick films. This can be ascribed to the fact that thermal annealing is more effective for thinner films.)
In the 1 f noise studies, it is highly desirable to learn the role of the dynamic defect in a particular material system. As is well-known, in Si MOSFETs, the oxygen vacancies in the near-interfacial SiO2 form traps in the dielectrics. These traps cause charge carrier number fluctuations, leading to flicker noise [40] [41] [42] . In contrast, in
RuO2 films and the high-temperature superconductor YBa2Cu3O7-δ [43, 44] , the TLSs formed by oxygen vacancies result in mobility fluctuations, producing the 1 f noise.
It is interesting to remark that in RuO2 which has a Fermi energy of a few eV [45] , if any oxygen vacancies should form vacancy-related traps with level energies lying below the conduction band minimum, the detrapping time would be extremely long [ 15 17 (10 10 ) ≥ − s at 300 K, assuming an attempt-to-escape frequency of 11 13 (10 10 ) −  s -1 (Ref. [46] )]. This long detrapping time definitely cannot cause carrier number fluctuations to generate the low-frequency noise shown in Fig. 5(a) . Intuitively, for a perfect RuO2 single crystal without any lattice randomness or inhomogeneities, the activation energy should take a fixed value determined by the lattice site(s) of the responsible oxygen atom/vacancy. However, in a polycrystalline film, lattice distortion and disorder may occur near the grain boundaries, leading to a distribution of E. Because the grain size ( 6 ≈ nm) is small in our films, a large portion of the atoms in a grain must reside near grain boundaries. Depending on their distance to a grain boundary and the characteristics (e.g., strains, stresses, or softness) of the grain boundary, different degrees of lattice distortion may take place. Thus, the E value can have a distribution. This explains our observation of the distribution Fig. 7 . Previously, the inhomogeneity-induced distributions of E were observed in Ag films and Cu whiskers and films [11, 23] .
C. Activation energy distribution
By plotting the ordinates in linear scales, we clearly see in Fig. 7 (c) that ( )
eV. This feature is meaningful. According to recent theoretical density functional calculations, the activation energy of an on-top oxygen atom to the nearby bridging-oxygen vacancy is estimated to be ~0.7 eV in RuO2 [48, 49] . This theoretical estimate is reasonably close to our peak value of ~0.8 eV,
thus can be supportive of the predominant role of oxygen vacancies as dynamical structural defects. We should mention that the present study does not exclude the possible existence of other local maxima in the ( )
To clarify this issue requires measurements over a large temperature range.
A good understanding and a fair control of the ( )
for fostering the performance of nanoscale devices. Good knowledge about ( ) g E can help to improve the catalysis efficiency of RuO2 [48] , as mentioned. TLSs can also cause dissipations and hamper the quality factors in nanoelectromechanical systems (NEMS) [50] . Besides, TLSs can generate frequency noise, namely, random fluctuations of the resonance frequency, in a small mechanical resonator. The frequency noise PSD was found to depend linearly on ( ) g E [51, 52] . The resonance frequency fluctuations will limit the resolution for tiny mass (force) detection [53] .
Quantitative information about ( ) g E is clearly crucial for these applications. To our knowledge, no other experimental method can offer a quantitative evaluation of ( ) g E like that presented in Fig. 7 .
D. Estimate of the number of oxygen vacancies
With the known value of ( ) g E , the TLS (oxygen vacancy) density ( ) It is instructive to compare these TLS n values inferred from the 1/ f noise measurement with those corresponding values determined from the XPS technique.
As an example, for the 150-nm-thick film annealed for 10 min in O2, the TLS n value inferred from Eq. (2) is a factor of 2.6 larger than the O vacancy density ( O,v O,total 3.8% n n ≈ ) extracted from the XPS spectra discussed in Sec. IV.A. We consider this level of discrepancy as satisfactory, which can (partly) be ascribed to the uncertainties in our evaluations of the electronic parameters for RuO2. For instance, a 20% uncertainty (decrease) in our estimate of e n will result in a factor of 2 ≈ decrease in the calculated TLS n value, according to Eqs. value. This issue deserves further study.
V. CONCLUSION
We have studied the excess low-frequency noise in metallic, polycrystalline RuO2 films. We find that the 1 f noise is originated from oxygen vacancies which act as dynamical structural defects. The 1 f noise magnitude can be reduced or increased by thermal annealing in an O2 or Ar atmosphere. We quantitatively extract the activation energy distribution function ( ) g E and the TLS (oxygen vacancy) number density TLS n . Our results can be useful for advancing the performance of the various applications involving RuO2. Our finding may help to shed light on the properties of the TLSs which naturally form in the heavily used aluminum-oxide dielectric. These
TLSs in AlOx will likely be the ultimate source(s) for the quantum decoherence in superconducting qubits [54] , and have recently been intensely investigated [20] . eV.
